Rationale: Calcium entry through Orai1 channels drives vascular smooth muscle cell migration and neointimal hyperplasia. The channels are activated by the important growth factor platelet-derived growth factor (PDGF). Channel activation is suggested to depend on store depletion, which redistributes and clusters stromal interaction molecule 1 (STIM1), which then coclusters and activates Orai1. 
I
n its contractile phenotype, the vascular smooth muscle cell (VSMC) in the medial layer of arteries and veins is important for vascular integrity and tone. During development, however, the VSMCs can also exist in a noncontracting phenotype that has proliferating and migrating properties, which are important for the generation of new blood vessels. 1 Features of these modulated VSMCs are altered Ca 2ϩ entry and Ca 2ϩ uptake mechanisms. 2, 3 In the adult, VSMCs may also switch to this state to enable vascular remodeling. One of the drivers of the proliferating phenotype is platelet-derived growth factor BB (PDGF), a promigratory signaling peptide. 4 In addition to its roles in physiology, PDGF contributes in cardiovascular diseases that include pulmonary arterial hypertension and restenosis. 5, 6 Editorial, see p 9
The signaling pathways downstream of PDGF were only recently recognized to include activation of a calcium entry channel generated by Orai1 proteins and involving the calcium-sensing regulatory protein stromal interaction mole-cule 1 (STIM1). 3, 7, 8 Orai1 was found to be a positive modulator of VSMC migration, 8 with knock-down of its expression suppressing neointimal formation after vascular injury. 9 The mechanism by which PDGF activates Orai1 channels has not been extensively studied but the effect is suggested to occur via PDGFR␤ and the downstream pathways of phospholipase C and Ca 2ϩ release. 7 Orai1 channels are activated by store depletion via a mechanism that involves sensing of luminal Ca 2ϩ in the stores by STIM1 and then physical interaction of STIM1 with Orai1 channels in the plasma membrane. It has therefore been assumed that PDGFevoked Ca 2ϩ release leads to store depletion, which is sensed by STIM1, which then activates Orai1.
Orai1 was originally identified in the immune system. 10, 11 It is suggested that Orai1 provides the molecular basis for the ion pore-forming subunits of Ca 2ϩ -selective channels that are activated by store depletion and have commonly been referred to as CRAC channels. 10 The mechanism proposed for activation of the channels by store depletion is striking. 10, 12 Activation ultimately involves physical interaction between STIM1 (of the stores) and Orai1 (of the plasma membrane), but first, there are major cellular redistributions of STIM1 and Orai1. Before store depletion, STIM1 is dynamically active as a partner of the microtubule binding protein EB1. 13 The STIM1 has an N-terminus that is localized to the store lumen and contains an EF-hand with affinity for Ca 2ϩ . When the stores are full, STIM1 is bound to luminal Ca 2ϩ . However, depletion of Ca 2ϩ in the stores leads to Ca 2ϩ dissociation from STIM1 and a chain of events that ends with major redistribution of STIM1 from microtubules to static oligomerized focal clusters (puncta) under the plasma membrane. Simultaneous studies of clustering and Ca 2ϩ influx have suggested that STIM1 translocation precedes Orai1 channel opening.
Each Orai1 protein is thought to contain 4 transmembrane segments with intracellular N-and C-termini. 10 Channels are considered to arise from 4 Orai1 proteins assembled around a central Ca 2ϩ -selective pore. Before store depletion, the Orai1 channels are reasonably uniformly distributed across the cell surface. However, store depletion leads to Orai1 recruitment to sites of STIM1 clusters, such that the Orai1 and STIM1 become aggregated. 10, 14 An interaction domain in the cytosolic STIM1 C-terminus (the CAD or SOAR domain) then directly binds Orai1 to activate the channels and enable Ca 2ϩ influx. 12 Therefore, Orai1 activation is considered to require not only Ca 2ϩ sensing by STIM1 but extensive redistribution and coclustering.
The purpose of this investigation was to determine the relevance of the redistribution and clustering of Orai1 and STIM1 in the PDGF responsiveness of proliferating VSMCs. To achieve this objective, we used fluorescently tagged Orai1 and STIM1 so that subcellular dynamics of these proteins could be specifically tracked in real-time in living VSMCs.
Methods
An expanded Methods section is available in the online Data Supplement.
Cell Preparation and Culture
Freshly discarded human saphenous vein segments were obtained anonymously and with informed consent from patients undergoing open heart surgery. Approval was granted by the Leeds Teaching Hospitals Local Research Ethics Committee. Proliferating VSMCs were prepared, using an explant technique, 15 and grown in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal calf serum, penicillin/ streptomycin, and L-glutamine at 37°C in a 5% CO 2 incubator. Experiments were performed on VSMCs passaged 3 to 5 times; all of the cells stained positively for smooth muscle ␣-actin and smooth muscle myosin heavy chain and were noncontractile. 16 
Molecular Biology
cDNA encoding wild-type mCherry-tagged Orai1 was from S. Muallem and cDNA encoding eYFP-STIM1 was from T. Meyer. mCherry-Orai1 R91W mutagenesis was performed using mutagenic primers and Phusion high-fidelity polymerase (NEB, Herts, UK) according to the manufacturer's instructions. Full-length cDNA for Orai1 (BC013386) was purchased from Geneservice (Source Bioscience LifeSciences, Nottingham, UK) and sub cloned into pcDNA6/V5-His (Invitrogen, Paisley, United Kingdom) at EcoRI/ XhoI sites. The hemagglutinin (HA) tag (YPYDVPDYA) was inserted into the S3-S4 linker between Lys214 and Ala220 using a PCR fusion protocol. The first PCR fragment was used to linearize Orai1 in pcDNA6 from Ala220 to Lys214 and insert a 3Ј Gly, Ser linker (forward primer: 5Ј gccagtggcgcagcagcc; reverse primer 5Ј gcttccgcttcccttgctggtgggcct). The second PCR product amplified full-length HA with sequences overlapping the first PCR fragment (forward primer: 5Ј caagggaagcggaagctatccatatgat; reverse primer: 5Ј tgcgccactggcagcataatctggaac). The fragments were recombined using the BD In-fusion PCR cloning kit (Takara Bio Europe, Paris, France) as per the manufacturer's instructions. A construct encoding enhanced green fluorescent protein (eGFP) fused to the C-terminus of Orai1-HA was prepared through PCR cloning as described above. Clones were sequenced to confirm accuracy and identity.
Cell Transfection, Live Cell Imaging, and Image Analysis
VSMCs (0.5 to 2ϫ10 6 ) were centrifuged (100 g) for 5 minutes, resuspended in Basic Nucleofector solution (Amaxa GmbH, Köln, Germany), mixed with 1.5 g eYFP-STIM1 and 0.5 g mCherryOrai1, and transferred into a cuvette for electroporation (Amaxa). Cells were transferred from cuvettes to prewarmed culture medium and incubated in a 5% CO 2 incubator at 37°C. Excess STIM1 relative to Orai1 was previously suggested to be important for channel function. In pilot studies, we observed that a STIM1:Orai1 ratio of 3:1 was optimum for observing thapsigargin (TG)-evoked clustering in VSMCs.
VSMCs, 24 to 48 hours after transfection, were detached and transferred to 35-mm glass-bottomed dishes with fresh culture medium and allowed to spread for 24 hours. Cells were serumstarved for 2 to 5 hours before imaging. During imaging, the extracellular solution contained (mmol/L): 130 NaCl, 5 KCl, 8 D-glucose, 10 HEPES, 1.5 CaCl 2 , and 1.2 MgCl 2 , titrated to pH 7.4 or 6.4 with NaOH. In some cells, eYFP-STIM1 fluorescence appeared as intense and large static patches; in these cases, the endoplasmic reticulum (ER) was judged to be perturbed and the cells were not used for investigation. We imaged VSMCs expressing low to moderate levels of STIM1 and Orai1 in an effort to mimic the physiological expression. After baseline image acquisition in 120 L Images were captured on a Roper CoolSNAP HQ CCD camera at 0.5-second exposure every 10 seconds, and epifluorescence was recorded using filter sets for FITC/TRITC. ImageJ was used after acquisition to process and prepare micrographs. To compensate fluorophore bleaching, images were enhanced by a normalization feature so the pixel range, at 0.4% maximum saturation, was equal to the maximum range for each frame. Recordings were made at room temperature (21Ϯ2°C) unless otherwise stated. Only VSMCs containing eYFP-STIM1 and mCherry-Orai1 that clustered in response to TG or PDGF were included. Quantification of clustering used Image J particle analysis point picker in a region of interest of each cell at the optimal focal point. Positive identification was a spot of intense mCherry fluorescence with 0.4 to 3.0 m lateral diameter. Such spots included all focal intensities of this size and so clusters were recognized as new spots arising in response to PDGF or TG. In Figure 3E , this can be seen as the difference between the basal number of focal intensities (Pre) and the number after exposure to PDGF or TG. Clustering as determined by mCherry analysis was confirmed qualitatively as coclustering by visual inspection of the eYFP fluorescence overlay on mCherry clusters ( Figure 3H and Online Supplement). The data were multilevel, with repeated exposures per cell, which required statistical methods that account for this. Modeling the combined dataset indicated that data followed a Poisson distribution and so a multilevel Poisson model was used. Plots compare freely derived and hypothesis-driven estimated mean counts with associated 95% confidence intervals. The hypothesis tested was that PDGF does not elevate wild-type Orai1 spots at pH 7.4 at 21°C, whereas PDGF elevates spots for Orai1 mutants at pH 7.4 at 21°C and wild-type Orai1 at pH 6.4 at 21°C, though not for the wild-type Orai1 at pH 7.4 at 37°C. Further details and discussion of the statistical methods are provided in the Online Supplement.
Intracellular Ca 2؉ Measurement
VSMCs were incubated with 2 mol/L fura-2AM for 1 hour at 37°C followed by a 0.5-hour wash at room temperature. Measurements were made at room temperature on a 96-well plate reader (FlexStation, Molecular Devices). The change (⌬) in intracellular calcium (Ca 2ϩi ) concentration was indicated as the ratio of fura-2 emission intensities for 340 nm and 380 nm excitation (F ratio). The recording solution contained (mmol/L): 130 NaCl, 5 KCl, 8 D-glucose, 10 HEPES, and 1.2 MgCl 2 , titrated to pH 7.4 with NaOH, with 0.3 mmol/L CaCl 2 or without (Ca 2ϩ free). Recordings were made at room temperature. Data are presented as meanϮSEM, where n is the number of independent experiments and N the number of individual wells used in the 96-well plates.
Immunostaining
VSMCs, 48 hours after transfection, were detached and transferred to glass cover slips with fresh culture medium and allowed to spread for 24 hours. After treatments, the cells were fixed in 2% paraformaldehyde for 5 minutes, and, if stated, permeabilized in 0.1% TritonX-100 for 10 minutes at room temperature. Transfected cells were either incubated with anti-HA 1:500 (Covance) or anti-GFP (Abcam) as stated and for 1 hour at room temperature, then washed and incubated with the appropriate secondary Dylight 594 IgG (Stratech Scientific, Jacksons Immuno Research). All cells were mounted onto glass slides using ProLong Gold antifade (Molecular Probes, Invitrogen, Paisley, United Kingdom).
Reagents
Synta 66 8 was synthesized by Dr R. Foster (Leeds). Other reagents were from Sigma unless indicated otherwise.
Results

Constitutive Subcellular Localization and Dynamics of Orai1 and STIM1
The VSMCs adhered to the substrate as thin structures such that there was difficulty distinguishing plasma membrane from intracellular membranes and other structures. To investigate Orai1 that spanned the plasma membrane, we generated human Orai1 containing extracellular HA epitope tag and intracellular GFP ([HA]-Orai1-GFP). Nonpermeabilized cells were exposed to anti-HA antibody to label only surface-exposed Orai1. The [HA]-Orai1-GFP was evident throughout VSMCs, but there was thin, more intense staining along the cell perimeter ( Figure 1A ). Anti-GFP antibody failed to label these cells because they were nonpermeabilized ( Figure 1B) . After cell permeabilization, anti-HA staining was similar but vesicular structures were now also evident ( Figure 1C ). Anti-GFP antibody, which was also detected by red secondary antibody, gave a similar staining pattern to anti-HA antibody ( Figure 1D ). The data suggest that Orai1 localized to the plasma membrane. This Orai1 was evident at the cell perimeter and across the surface of these flat cells. Visualization of plasma membrane Orai1 dynamics was therefore possible across the entire VSMC. The data suggest that the tags did not prevent surface localization of Orai1 and that Orai1 existed in intracellular vesicles as well as the plasma membrane.
For simultaneous live-cell imaging of Orai1 and STIM1 dynamics, we used human Orai1 tagged with mCherry to visualize it as a red protein and human STIM1 tagged with eYFP to visual it as a green protein ( Figure 1E and 1F) . Care was taken to use VSMCs expressing the minimum levels of STIM1 and Orai1 required for detection, avoiding overexpressing cells. The appearance of mCherry-Orai1 was similar to that of [HA]-Orai1-GFP labeled by anti-HA antibody in permeabilized cells ( Figure 1E ; compare with Figure 1C ). There was Orai1 throughout the cells but areas of greater intensity were observed in dynamic structures: intracellular vesicles of 0.4 to 1 m diameter; plasma membrane ruffles; and plasma membrane spiny protrusions ( Figure 1E ). Membrane ruffles, which are actin-rich waves, rippled away from the cell edges (Online Video I). Spiny protrusions emanated from the ruffles, appearing and disappearing ( Figure 1E [arrowhead] and Online Video I).
eYFP on STIM1 restricts STIM1 from the plasma membrane. 17 Therefore, eYFP tagged STIM1 does not address plasma membrane STIM1, 18 only STIM1 localized to the ER or other intracellular structures. In VSMCs, the eYFP-STIM1 mostly had localization that was distinct from mCherry-Orai1 ( Figure 1F ). Particularly obvious was separation of the proteins in peripheral regions, which contained mCherry-Orai1 but not eYFP-STIM1 ( Figure 1F ). There were, nevertheless, instances when mCherry-Orai1 and eYFP-STIM1 were together at newly generated protrusions ( Figure 1F ), but they did not colocalize in ruffles or spiny protrusions ( Figure 1F ). eYFP-STIM1 was localized predominantly to the lacy network of the ER ( Figure  1F ). As expected because of EB1 binding, eYFP-STIM1 displayed comet-like movements ( Figure 1F and Online Video II).
The data suggest that under nonstimulated conditions, Orai1 and STIM1 were localized as expected; constitutively dynamic; and operating largely independently.
Redistribution and Coclustering of Orai1 and STIM1 in Response to TG
It is expected that Orai1 and STIM1 redistribute and cocluster in response to passive store depletion evoked by TG, an inhibitor of sarco-endoplasmic reticulum Ca 2ϩ ATPase (SERCA). Consistent with this expectation, VSMCs exposed to TG showed redistribution of eYFP-STIM1 into clusters (Figure 2A and 2B) . Similarly, mCherry-Orai1 redistributed into clusters that were distinct from the Orai1-containing intracellular vesicles ( Figure 2C and 2D) . eYFP-STIM1 and mCherry-Orai1 colocalized once the clusters formed ( Figure 2E and 2F and Online Video III). The coclusters were static after they had formed and were evident except in regions where eYFP-STIM1 had not been initially expressed ( Figure 2E and 2F and Online Video III). The data suggest that Orai1 and STIM1 dynamically redistributed and coclustered in VSMCs, as reported for other cell types exposed to TG.
Ca
2؉ Release But Not Redistribution or Clustering in Response to PDGF
To investigate the relevance of STIM1 and Orai1 dynamics to the action of PDGF, we exposed VSMCs to PDGF instead of TG. PDGF evokes Ca 2ϩ release and then Orai1-dependent Ca 2ϩ entry in human saphenous vein VSMCs. 8 As expected, 8 STIM1 also contributed substantially to PDGF-evoked Ca 2ϩ entry in these cells (Online Figure I) . This Orai1-and STIM1-dependent Ca 2ϩ entry is blocked specifically by the Synta 66 compound (S66) without effect on Ca 2ϩ release. 8 S66-sensitive Ca 2ϩ entry occurred within 180 seconds after PDGF exposure, 8 and it was the dominant Ca 2ϩ signal after 300 seconds (Online Figure II) . PDGF failed to induce redistribution or coclustering of mCherry-Orai1 and eYFP-STIM1 ( Figure 3A through 3D and Online Video IV). mCherry-Orai1 continued in its constitutive dynamic pattern in vesicular structures, ruffles, and spiny protrusions ( Figure 3C and 3D and Online Video IV). Even at a concentration of 500 ng/mL, PDGF failed to evoke changes in the localization or dynamics of mCherry-Orai1 (Online Figure III) . To be sure that the PDGF-resistant eYFP-STIM1 and mCherry-Orai1 were capable of clustering, the same VSMCs were first exposed to PDGF and then TG ( Figure  3E ). There was no change in response to PDGF but marked reorganization and coclustering when TG was applied ( Figure 3E ). For quantification, intense spots of mCherryOrai1 fluorescence were counted before PDGF, after PDGF, and then after TG ( Figure 3E ). PDGF had no effect on the number of Orai1 spots, but the number of spots was significantly increased by TG ( Figure 3E ; for the statistical testing of hypotheses, Online Supplement). We interpret the spots before PDGF ( Figure 3E ) as intracellular vesicles, or possibly small ruffles. Evaluation of 52 VSMCs showed that PDGF never caused redistribution of mCherry-Orai1 or coclustering of eYFP-STIM1 and mCherry-Orai1.
The above recordings were made at room temperature, but STIM1 is heat-sensitive. 19 Therefore we repeated the experiments at 37°C ( Figure 3F through 3I and Online Video V). At this higher temperature, there were also no effects of PDGF on mCherry-Orai1 dynamics and there was no coclustering with eYFP-STIM1 ( Figure 3G and 3I) until TG was applied ( Figure 3H and 3I and Online Video V). The effect of TG was more marked at 37°C ( Figure 3I) . We interpret the TG-induced spots as clusters because they colocalized with redistributed STIM1 (Figure 3H ).
The data suggest that PDGF activates Orai1 channels in VSMCs without causing redistribution or coclustering of Orai1 and STIM1, contrasting with the effects of TG. 
PDGF-Evoked Redistribution and Clustering When Ca 2؉ Flux Through Orai1 Channels Is Inhibited
We hypothesized that Ca 2ϩ influx through the activated Orai1 channels was sufficient to keep the stores full, restoring the Ca 2ϩ that had been released by PDGF so that there was no store depletion and thus no trigger for redistribution or clustering. To test the hypothesis, we first inhibited Orai1 channels using S66 ( Figure 4A through 4E) . PDGF now promptly evoked mCherry-Orai1 redistribution and coclustering with eYFP-STIM1 ( Figure 4C through 4E and Online Video VI).
To investigate the specific role of Orai1 with more certainty, we made the R91W mutation in mCherry-Orai1 ( Figure 5A through 5E) because this mutation prevents Orai1 function without affecting its localization. 20 In these experiments, it was striking that PDGF promptly evoked mCherryOrai1-[R91W] redistribution and coclustering with eYFP-STIM1 ( Figure 5D through 5E and Online Video VII). Statistical analysis is provided in Figure 5F and the Online Supplement. The E106A mutation was also made in mCherry-Orai1 because it is an alternative approach for inhibiting ion permeation. 21 Significant clustering of mCherry-Orai1-[E106A] was evoked by PDGF ( Figure 5G ; compare with Figure 3E ).
The data suggest that PDGF was capable of redistributing and coclustering mCherry-Orai1 and eYFP-STIM1 but that these events were normally prevented by Ca 2ϩ entry through mCherry-Orai1 channels. That is, wild-type mCherry-Orai1 channels must have been activated by PDGF and generated Ca 2ϩ entry that maintained the stores replete, preventing store depletion that would have resulted in clustering of the ER Ca 2ϩ sensor STIM1. The wild-type mCherry-Orai1 channels were, therefore, behaving physiologically and yet they were activated by PDGF without clustering. A and B) and mCherry-Orai1 (C and D) 40 seconds before and 280 seconds after application of 100 ng/mL PDGF. The small image to the left of A shows a wider view of the cell, where the white box indicates the region selected for the main panels. The white lines drawn on image A indicate the outer perimeter of the cell, which was not reached by eYFP-STIM1. E, Quantification for results of the type illustrated in A through D and in which thapsigargin was also applied to the VSMCs (n/Nϭ6/10). Spots of intense mCherryOrai1 fluorescence were counted before (Pre) and 240 to 300 s after PDGF exposure (or vehicle, [Veh.]) and then 110 to 290 seconds after TG. Shown are the freely derived (black circles) and hypothesis-driven (red bars) estimated mean counts with 95% confidence intervals (F through I as for A through E but at 37°C (n/Nϭ3/4 PDGF, n/Nϭ2/4 Veh.).
PDGF-Evoked Redistribution and Clustering Conferred by Acidosis
The above data suggest that redistributions and coclustering of Orai1 and STIM1 were not involved in responses to PDGF. Nevertheless, the data also show that the redistribution and coclustering processes exist in VSMCs. Therefore, we hypothesized that there may be conditions in which these processes are required by VSMCs. Previous studies on other cell types have suggested that Orai1 channels are strongly inhibited by acidification of the extracellular medium to pH 6.0 to 6.5, potentially through the glutamate residue E106 in Orai1. 22 Such acidification occurs in ischemia and conditions of stress or pathology. 23, 24 Therefore, we investigated VSMCs and their PDGF responses in acidic conditions.
We first investigated if acidic extracellular pH inhibited Ca 2ϩ influx through Orai1 channels in VSMCs ( Figure 6A ). VSMCs were pretreated with TG and then extracellular Ca 2ϩ was added back to observe Ca 2ϩ entry ( Figure 6A ). Previous studies showed that this Ca 2ϩ entry is strongly inhibited by S66 and suppressed by Orai1 siRNA in VSMCs. 8 This Ca 2ϩ entry was inhibited by 65.5% at pH 6.4 and the fitted Hill equation suggested 50% inhibition at pH 6.6 ( Figure 6A ). Therefore, moderate acidity significantly reduced S66-sensitive Ca 2ϩ entry in VSMCs. The eYFP-STIM1 and mCherry-Orai1 dynamics were observed in VSMCs at pH 6.4 and in response to PDGF at pH 6.4 ( Figure 6B through 6F) . Application of PDGF caused highly significant redistribution and coclustering (Figure 6D through 6F; Online Supplement and Online Video VIII).
The data suggest that redistribution and coclustering of Orai1 and STIM1 are important in VSMCs when Ca 2ϩ flux through Orai1 channels is compromised by acidosis.
Discussion
Primary findings of this study are that (1) in nonstimulated conditions, Orai1 and STIM1 were dynamic and mostly independent of each other; (2) in nonstimulated conditions, Orai1 was localized to intracellular vesicles and fairly uniformly distributed in the plasma membrane, except for intensities in ruffles and spiny protrusions; (3) in nonstimulated conditions, eYFP-STIM1 was localized to the ER and associated with E) . Shown are the freely derived (black circles) and hypothesis-driven (red bars) estimated mean counts with 95% confidence intervals. G, For the same type of experiment but in which the mutation in Orai1 was E106A. Spots of intense mCherry-Orai1-[mutant] fluorescence were counted before (Pre) and 240 to 300 seconds after PDGF or vehicle (Veh.) exposure, and then 100 to 240 seconds after TG. The numbers of experiments were F, n/Nϭ3/5 (PDGF) and 3/10 (Veh.) for R91W; and G, n/Nϭ3/7 (PDGF) and 3/6 (Veh.) for E106A. dynamic comet-like structures; (4) PDGF activated physiologically functional (ie, store-filling) Orai1 channels without causing redistribution or clustering of Orai1 and STIM1; (5) Ca 2ϩ -influx through PDGF-activated Orai1 channels inhibited redistribution or coclustering of Orai1 and STIM1; and (6) inhibition of Orai1 channels by extracellular acidosis changed the PDGF response so that it became associated with redistribution and clustering of Orai1 and STIM1. The findings suggest that redistribution and coclustering of Orai1 and STIM1 are not normally required for PDGF-evoked activation of Orai1 channels. These nonclustered channels nevertheless serve to maintain Ca 2ϩ in the stores, much as clustered Orai1 channels serve to refill depleted stores. Despite this finding of activated nonclustered Orai1 channels, the study does not suggest lack of importance of the redistribution and clustering phenomena. Instead, it suggests that they become important when there is risk of store depletion, for example, in situations in which Orai1 channels are compromised such as in acidosis. Online Figure IV provides a diagrammatic summary of the findings and possible interpretations. TG depletes stores by blocking SERCA and allowing domination of constitutive Ca 2ϩ leak. The depletion is detected by STIM1, which is an ER Ca 2ϩ sensor whose response to store depletion is redistribution and clustering (ie, clustering is an indicator of store depletion). We know, therefore, that PDGF did not cause store depletion in VSMCs because there was no clustering of eYFP-STIM1. That is, PDGF was causing Ca 2ϩ release but not store depletion. We know that there was PDGF-evoked Ca 2ϩ release because we could routinely measure it in Ca 2ϩ measurement experiments. Furthermore, use of a mCherry-Orai1 mutant that failed to conduct Ca 2ϩ led to PDGF-evoked clustering. Therefore, wild-type mCherry-Orai1 channels must have been activated by PDGF and then conferred Ca 2ϩ entry that prevented store depletion. That is, mCherry-Orai1 channels were not only activated by PDGF but also behaving physiologically to keep Ca 2ϩ stores replete, yet clustering was not involved. It follows that the stores should have depleted when Ca 2ϩ influx through the PDGF-activated Orai1 channels became compromised (eg, by chemical blockade, mutation, acidosis), which is what we observed. Another inhibitor of the channels may be hypoxia, as suggested by studies on airway smooth muscle. 25 Similarly, from an experimental perspective, it is important to recognize that Ca 2ϩ influx is also lost when cells are studied in the absence of extracellular Ca 2ϩ , as has been common in other studies of physiological agonists. Although use of Ca 2ϩ -free solution facilitates the distinction of Ca 2ϩ release and Ca 2ϩ entry, it leads the physiological agonist to cause store depletion because the stores cannot refill after Ca 2ϩ release. Addition of Ca 2ϩ back to the extracellular medium then leads to observation of Ca 2ϩ entry through clustered Orai1 channels, as in TG experiments. In support of the suggestion that physiological agonists (in the presence of extracellular Ca 2ϩ ) normally cause Ca 2ϩ release without causing significant store depletion, simultaneous measurements of cytosolic and ER Ca 2ϩ in a human umbilical vein endothelial cell line showed that histamine caused substantial Ca 2ϩ release but only modest loss of total ER Ca 2ϩ content. 26 If there is Orai1 channel activation without redistribution and coclustering, how does the activation occur? One possibility is that a small fraction of the STIM1 and Orai1 proteins is constitutively assembled in nonclustered units. Such units would be initially inactive until PDGF generated a signal for STIM1's CAD domain to bind Orai1 and open the channel. Given the complexity of the superficial ER, 27 it is difficult to rule out a local depletion event as the activation signal, although it would need to be tightly contained to avoid evoking clustering. Alternatively the signal could be a second messenger or phosphorylation step arising from the activated PDGF receptor. A recent study suggested preformed STIM1-Orai1 units that enable rapid responsiveness in skeletal muscle, 28 but such complexes required a long form of STIM1 that is not expressed in human saphenous vein VSMCs. 18 The finding that nonclustered Orai1 channels are sufficient to maintain stores replete raises a question about why the cells would then need to trigger the more dramatic process of redistribution and coclustering when Orai1 channels are inhibited or ER stress is threatened by some other means (eg, SERCA inhibition). We suggest that it is to maximize the chance for interaction between all of the Orai1 and STIM1 proteins in a way that increases the possibility for efficient store refilling without raising cytosolic Ca 2ϩ , thus minimizing the risk of store depletion, ER stress, and elevated cytosolic Ca 2ϩ , which are triggers for cell death. 29 Privileged focal loading of stores was suggested in early studies 30 and by more recent studies on STIM1-depleted HELA cells. 31 Redistribution may also serve to recruit additional Ca 2ϩ -handling proteins to the clusters, such as TRPC channels and plasma membrane Ca 2ϩ ATPase. 3 The insight provided by this study on the dynamics of a subset of Orai1 channels has depended on the real-time tracking of fluorescently tagged proteins in living cells. One possible concern is that the expression of exogenous mCherry-Orai1 increased the number of store-refilling channels, preventing depletion of stores that would otherwise have occurred in response to PDGF. Nevertheless, it is clear that PDGF activated the exogenous Orai1 channels without clustering and that these channels were functional in maintaining the stores replete. Furthermore, it is clear that the exogenous proteins were correctly localized and quite capable of redistributing and clustering. Alternative methods for obtaining this type of insight are not currently available. Immunofluorescence studies of endogenous proteins do not, for example, enable reliable identification of dynamic clusters of protein relative to the same protein in other compartments (eg, in static intracellular vesicles), and coimmunoprecipitation cannot distinguish between increased aggregation (clustering) and binding (STIM1-Orai1 coupling) (Online Supplement for further discussion).
In summary, the study suggests that a central concept of the previously described Orai1-STIM1 channel mechanism (ie, redistribution and coclustering) is not required for PDGF activation of physiologically functional Orai1 Ca 2ϩ entry channels that serve to maintain a high Ca 2ϩ concentration in the stores. Moreover, Ca 2ϩ entry through these nonclustered channels actively prevents redistribution and coclustering (because it prevents store depletion). These findings suggest that the cells have an energy-efficient (nonclustering) process to maintain stores replete in normal physiological situations when the cells respond to a sustained signal such as an elevated concentration of a growth factor. These findings do not, however, argue against the existence or importance of the redistribution and coclustering phenomena but suggest that they are reserved for promoting Ca 2ϩ entry in conditions such as ischemia that may lead to adverse store depletion, ER stress, and cell death. STIM1 and Orai1 proteins have been identified as components of calcium-selective channels that are activated after depletion of intracellular calcium stores. These proteins exist in separate subcellular compartments before cellular stimulation and undergo major redistribution and coclustering in response to store depletion. It has been suggested that only after this coclustering do these proteins interact leading to calcium entry through channels formed by Orai1. Our studies of human vascular smooth muscle cells reveal that activation of these channels by PDGF does not require redistribution and coclustering, suggesting that an alternative mechanism may involve a fraction of the Orai1 and STIM1 proteins being constitutively coassembled. Furthermore, we show that nonclustered channels enable calcium entry that actively maintains calcium stores and prevents redistribution of Orai1 and STIM1. We show that this situation leads to a striking phenomenon in acidosis, which suppresses the PDGF-activated Orai1 channels, removing their inhibitory effect on redistribution. Consequently, in acidosis, PDGF evokes marked redistribution and co-clustering of STIM1 and Orai1. The results suggest that physiological activation of Orai1 channels does not require a central dogma previously proposed for activation of these channels but that redistribution is important as a safety mechanism to mitigate cell death in ischemia and pathology states.
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